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¢, Cosmic rays: messengers from the Cosmos
Dlracz measurements:
nace &r\j\JuJ CALET, DAMPE;1SS:=C RE/—\J;/J)
--u 5 (CREAM, HELI>
- Link to higher energies, multimessengers
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Secondary nuclei track propagation effects:
B/C ratio,

10Be vs °Be isotopes

S0 antimatter production)

Cosmic Ray sources Nuclear collision in ISM
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Proton
Akeno lo
Akeno hi
Yakutsk
o Hawverah Park
. 11 orders of magnitude in energy; * FysEye
31 orders of magnitude in intensity...
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¥ 107} Direct measurements
- possible with balloons and
W satellites
Atomic nuclei (H-Fe)
5L but also electrons
. 10 '
T.he. knee: . — _ antimatter, isotopes,
Limit to supernova acceleration in the Milky Way? ultra-heavy nuclei Indirect
techniques ol
The ankle: (ground arrays) H
Transition to extragalactic sources? 105 10 10T 107 0 10 10% 40 107 10% 0% 102 107

Energy (eV)
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PIFECt measurements: balloons
(2004 CREAMMEDENIIFNT)

NASA/Columbial Scientific Balloon Facility: (CSBF)
multi-week exposure possible in Antarctica since 1987 (up to 56 days!)
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" ISS-CREAM

drscience platform
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DAMPE 2015
0.3 m2sr

185 cm ™

The plastic scintillator
detector

The silicon tracker

The BGO calorimeter AMS 20 1 1
0.82 m?sr

The neutron detector

CALET 2015
0.12 m2sr
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Charge re

solﬁﬁm ~(0.2e (0.35
H and He most abundant =

(primordial)

_—

for Ee)

25
Particle Charge

30
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Charge resolution ~0:2e (0.35 for k&)

C comes: firom the primany; |
accelerationsites, but Bii

from spallation reactio&
B/C (3 — 30%) tracks the

history of Galactic
propagation (over ~15 Myrs)

Number of E
8 8
o o

m
o
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e isotopes also
ave a story to tell

25 30
Particle Charge
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B/C énergy dener de&lgas sens!H!Eu to Gala cflc diffusion parameter o;

alse explamsishiapEIeiathie observed cosmiciray, Spectrum at source vs Earth.

0.4 ) Ahn H.S. et al., Astropart. Phys. 30, 133 (2008)

o8 ';"Lr'+ comparison with measurements A. Oliva et al., 34t ICRC (2015)

0.3 from 0.5 GeV/n to 3 TeV/n

0.2

E-2:6> observed at Earth might have been E~ at the

source, with steepening by E® due to diffusion.

PAMELA (2014)
TRACER (2006)
CREAM-1 (2004)
ATIC-02 (2003)
AMS-01 (1998)
Buckley et al. (1991)
CRN-Spacelab2 (1985)
Webber et al. (1981)
HEAO3-C2 (1980)

Simon et al. (1974-1976)
Dwyer & Meyer (1973-1975) v,
Orth et al. (1972) 6"’0

10°
Kinetic Energ

Boron-to-Carbon Ratio
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High precision achieved in the measurements now;

- milfion nuclel awaiting results from CALET, DAMPE, ISS-CREAM,
NUCLEON;

» could push to higher energies;

» but shape well constrained by AMS.

10

Momentum/Charge [GV]

. Aguilar et al., Phys. Rev. Lett. 117, 231101 13




MRS, —
iy

Elemientallspectia

Measurements gettiig clese to the Knee;

Very: highrstatistics'at low energiesihtnadreds of
GeV) from magnet spectrometers: BESS, PAMELA,
AMS (CALET, DAMPE, [SSECREAM coming);

Balloon experiments agree at hundreds of GeV. to
~100 TeV (ATIC, TRACER, CREAM);

Hard to see the details...

Warning! Plot vs E, E/n, R, with or
without rescaling by E3, R%7>, (E/n)%®,
with or without rescaling by 10 or
something...

Flux (m2 s sr GeV)'1

1071 1012

Energy (eV)
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LEAP
Proton
Akeno lo
ATIC

BESS Polar Il p
AMS-02 p
CREAM p
PAMELA p
ATIC p
BESS Polar Il He
AMS-02 He
CREAM He
PAMELA He
ATIC He
CREAM C
PAMELA C
ATIC C
TRACER C
CREAM O
ATIC O
TRACER O
CREAM Ne
ATIC Ne
TRACER Ne
CREAM Mg
ATIC Mg
TRACER Mg
CREAM Si
ATIC Si
TRACER Si
CREAM Fe
ATIC Fe
TRACER Fe
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_’ Ahn et al., ApJ 707, 593 (2009),

Ahn et al., ApJ 715, 1400 (2010),

Elemenwe’Ctr = I I Yoon et al., Ap] 722 (2011)

Proton

Akeno lo

ATIC

BESS Polar Il p
AMS-02 p
CREAM p
PAMELA p

ATIC p

BESS Polar Il He

Each component can beffitteditora
single powerdaWNEREANM enly: to

avoid different systematics);
- 108 - *my .
e H: dN/dE ~ E-2:66=000288 1§ . .
He: dN/dE S E—2.58i0.02 Ne % 10-8 Ig:;:
C: dN/dE ~ E 251=0:07 ®

O: dN/dE ~ E~2.67=0.07 Mg x 10-10

AMS-02 He
CREAM He
PAMELA He
ATIC He
CREAM C
PAMELA C
ATIC C
TRACER C
CREAM O
ATIC O
TRACER O
CREAM Ne
ATIC Ne
TRACER Ne

to0rxemOOEOPAOEOPACREDPE

S mioi o]
Ne: dN/dE = E—2.72i0.10 I ool . . " A=V

17| o, +* TRACER Mg

Mg: dN/dE ~ E=2.66%0.08 Fe x10-14 ol - . CREAM Si

Si: dN/dE ~ E-267%0.05 109} * TRACER S

Fe: dN/dE ~ E-2632011 o7 e
1022 3 |

CREAM Mg

L I N

Probably from the same source and 102
acceleration mechanism. 1024
The components do add up to the all- 10 107 T 1o 100
particle spectrum! Energy (eV)
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— Yoon et al., ApJ 728, 122 (2011)

CREAM meastiresia statistically’ different energy spectral
Index for t%wd a few TeV/nucleus:

« H: dN/dE~ 2 -

- He: dN/dE ~ E-258=0.02 %

-

Origini could be non-linear DSA effectsiinithe sources:
» H: reverse shocks in Type IT"SNRS;
» He: reverse shocks in Type I SNRs;

» both: forward shocks in all SNRs.
(Ptuskin et al., Ap] 763, 47 (2013))
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Could be due to non-linear effects in CR transport through

the Galaxy; 10° 10* 10° 10°
(Aloisio et al., arXiv:1507.00594) Energy (GeV nucleon™)

Could be due to young nearby sources; :
(Thoudam & Horandel, MNRAS 435, 2532 (2013)) Spectral hardening at 100 — 200 GeV/n
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2011 PAMEIASand 2015 AMS results dorsee prand He hardenings, but shape still to be understood

Kounine et al. 2017: 35t ICRC, Busan, South Korea

Proton
e AMS
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Ahn et al., Ap] 714, L89 (2010)
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CREAV ns:}vy elementispectia (2040):

' 0 Fe JH Seempehave similar spectre
:)‘9‘!‘) 02))5
the same seurce anadiacce eration

10 102 10° 10
Energy (GeV/nucleon)

power law (index changé a
2.77x0.03 = 2.56+0.04);
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Hard EW]ﬁectra

CREAMheay, element Spectra (2010):

 He torke a ‘MVe Similar Spectra, same
Index as He (=2 2);

» Probablyfrom the Ssame SeUNCE and acceleration e o
Energy (GeV/nucleon
mechanism. ”

Flux x EZ™® (m®s-sr)"'(GeV/nucleon) "

AATICT - Tibet QGSJET+HD
2 Ichimura ¢ Tibet QGSJET+PD

 But at the 4o level Betertit Wlth al broken RN o LSOKOL Tibet SIBYLL+HD
power law (index change at ~200,GeV/n " RUNJOB . kASCADE QGSJETO1
2.770.03 > 2.56=0,04);

2

KASCADE SIBYLL2.1
oYakutsk C1 sub-array
oYakutsk C2 sub-array

e ’+
|,+ﬁ‘g;+ .

‘.‘-rf] O |l
% AKENO Array1 ﬁ-@ 15
* AKENO Array20 1
O Haverah Park PanelA
1 Haverah Park PanelB
7 HiRes

o Auger

AGASA

 Detailed source modeling needs to address
this, but individual spectra do add up to that
measured by air shower arrays.

Flux x E*® (m?s sr)™ (GeV)“50
2,

2

— CREAM all particle (H,He,C,O,Ne,Mg,Si,Fe)

10° 10° 10" 10° 10°
Energy (GeV)
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Preliminary Data. Please refer to the AMS
Forthcoming publications in PRL

Carbon

Nitrogen
oedetteteetene,,
*

Rigidity [GV]

102 2x10?

10°% 2x10°
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E>® flux[m2sris1Gev?°
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CALET 2018

uncertainty band (stat. + syst.)

DAMEPE 2017
PAMELA e+e* 2017

Fermi-LAT 2017 (HE+LE)

AMS-02 2014
HESS 2008+2009

10°

DAMPE p -

P. Bernardini et al.,

DAMPE - Preliminary
AMS-02 (2015
CREAM | - il (2017)
ATIC (2009)
PAMELA (2011)

emCALCET and DAMPE

DAMPE + CALET Electrons  arxiv:1903.0727
apparent tension... but E3 rescaling can do funny things...

CALET Nuclei C - Fe
Y. Akaike et al., 2019 J. Phys.: Conf. Ser. 1181, 012042

e CALET Preliminary

Energy [GeV]

He
2019 J. Phys.: Conf. Ser. 1181, 012043

" PRELIMINARY

¢ ATIC ¢ CREAM
& TRACER 4 PAMELA

¥ HEAO3-C2 ¥ CRN

PAMELA(2006/07-2008/12)
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1 AMS-02 % SANRIKU
PAMELA-C {2006/06-2010/01)

—@— DAMPE Preliminary

10° 10° 10°*
Kinetic Energy per Particle [GeV]

E 1ava a
nergy (GeV) Energy (GeVin)




» How wellfare the secondaw (bkg)%+e- understood? Can DM annihilations explain the excess positrons?

’

w

An éaw trons and positrons

Electron' s

Rint of: 5|m|Iar

rltle

AMS
HEAT94+95
HEATOO
PAMELA
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Glifia SEEM harder thanrpreviously thought (Ssimilar to nucler);
ibutions may be needed as well:

Ielfand primary’ electrons?
- P y

Yuan, Bi, Phys. Lett. B 727, 1 (2013)

psr e*+e”
total e*+e”

spectral hardening may
be needed

22
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' Belsiranemadein cosmic ray spallationreactions;

. 9Beis ste ole; bUtoBe Bidecay: with'a half-life of A ~ 1.39 Myr, so a cosmic clock with the right tick
lengthifor the ~ 15 My=propagation history of cosmic rays;

- Energy evolution) o wBe/ﬁé'- |0 traces increasing regions of the Galaxy (Lorentz time dilation).

“C *°c1 **Mn *°Al '"Be '°Be(1GeV/n)

- 0
.t
%
B s k) "
o4
§ SR AYTY
[’
A

Z/A dependence of Galactic region sampled
by 0.3 GeV/n clock isotopes; Be is ideal.

-1

T density profile
> along disk (kpc)
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[Sotopesgptiesent statls

ISotopesmeasurements areriard. Serfiar the data are very limited and do not constrain the

propa Ws;

Measure z R, [ to findvi:

HELIX: 7-14 day exposure, 0.1 m2sr acceptance
pc _gmyvc
= = =

Ze Ze

A ACE/CRIS satellite

4 W ISOMAX balloon
The problem: ¥ Projected HELIX

Am 2 3 AR .
m/|] \ R

For Am/m = 2.5%, need:

AR/IR ~ 1-2% (AMS: 10-20%)
ABIB~ 0.015% (0.1% up to 3 GeV/n)

10

Efnuc [GeV]



refurblshed )
HEAT magnet /

HELIX =

UNDER CONSTRUCTION §

hlighi Ene ight-Isetope experiment  FeeIVIINekTelo E
anti L) te Antarcticifiight 2020 - -

prototype DCT

n=1.15 aerogel tiles from
Chiba University
10 x 10 x 1 cm? tile

= 1 cm thick

prototype
ToF

>cal Plane

64 Ch SiPM modules (6 mm pixel)
Thin Aluminuj nPl te




Direct measureme NCAO MOdElS for
COMPOSItION IR OffalFshower

measurements beyond therkneem
-

Rich phenomenology!

3@

Gaisser, Staney, Tilav, Front. Phys. 8(6), 748 (2013)

— Proton_total
—— He_total
— C total

~ O _total
— Fe total

— /=53 group

-~ Z=80 group

—¥— Pamela proton

—¥— Pamela He

—8— Creamll proton

~® Creamll He

—8— CreamlI C
CreamlIl O

—o— Creamll Mg
CreamlI S1

—8— CreamllI Fe

i i I\IIHIi I\Hlllll \IIIIHIi\
10° 10° 107 108 10° 109 10U
Primary energy, £/GeV
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. PSU initiative

e (Coordinate subthreshold signals from multiple
signatory observatories;

* Similar to previous efforts to coordinate neutrino
(SNEWS), gamma-ray burst (GCN), or gravitational
wayve detections;

but now with a// messengers!

© Cosmic rays / .
O Photons L a4

N,
N
L

® Gravwaves [ >SN | P Why not add CALET, DAMPE
@ Neutrinos < T : - > ! d
A == AMS, ISS-CREAM?

« Triggering observatories [Swift, Fermi, LIGO, IceCube, Auger, HAWC, Antares]
- Follow up observatories [HAT (Hungary), IUCAA (India), PTF, VERITAS, ROTSE]
« New members actively solicited!

« Data sharing begun, first archival searches completing now, first science:

Multiwavelength follow-up of a rare IceCube neutrino multiplet

IceCube: M. G. Aartsen?, M. Ackermann!!®, J. Adams?®, J. A. Aguilar'®, M. Ahlers®, M. Ahrens!?, L Al Samarai®?, D. Altmann®l, K. Andeen®,

The Astrophysical Multimessenger Observatory Network: 121 J. DeLaunay!'0- 11! ¢ E Turley!'%- 1! 5. D. Barthelmy¥, A. Y. Lien*,
10,1001 ”'“2.- K NII.IFESC“[I' 109, 111,112

A&A 607, A115 (2017) 27
IceCube + ASAS-SN, AMON, Fermi, HAWC, LCO, MASTER, Swift, VERITAS
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(UdIESIORCOSMICEAY NUCIEFNOWAYIEIA NG Precision:
NEW GENEraiONIGREOMPIEX INSLFUMERLS;
Multipleredundenparticiendentification technigues; -
Beanm test calivrations torreducENnSttimentalsystematic ‘ t..
Lleng expoesures on Antarcuciyallopnsaspace platforms.

Elemental 5pggtr:j neW SHow hardening at ,JM GeV/n, and p spectrum has a softer spectrum (spectral
index 2.66) than Helium .m,l rmv el NUCIEIN2.58): o

« These observations need theoreticalfexp natlona

« Could be a source effect and shock acceleration needs refinement;

« Could be a propagation effect; #’{-
« Could be due to the effect of nearby accelerators.

Elemental spectra add up to the all-particle spectrum from ground arrays.

Secondary elements are starting to constrain propagation. Needs additional information from isotope
measurements. Impact on secondary production, including antimatter.

Next-gen instruments are expanding and refining these measurements, which anchor composition models
for studies at higher energies with air-shower arrays.
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